We analysed nationwide trends and spatial distribution of NTD-related mortality in Brazil. We included all death certificates in Brazil from 2000 to 2011, in which NTDs were recorded as any causes of death. A total of 100,814/12,491,280 (0.81%) death certificates were identified, which mentioned at least one NTD. Age-adjusted NTD-related mortality rates showed a significant decrease over time (annual percent change [APC]: −2.1%; 95% CI: −2.8 to −1.3), with decreasing mortality rates in the Southeast, South, and Central-West regions, stability in the Northeast region, and increase in the North region. We identified spatial and spatiotemporal high-risk clusters for NTD-related mortality in all regions, with a major cluster covering a wide geographic range in central Brazil. Despite nationwide decrease of NTD-related mortality in the observation period, regional differences remain, with increasing mortality trends especially in the socioeconomically disadvantaged regions of the country. The existence of clearly defined high-risk areas for NTD-related deaths reinforces the need for integrated prevention and control measures in areas with highest disease burden.
Introduction
Despite receiving more and more attention by clinicians, policy makers and the scientific community, Neglected tropical diseases (NTDs) continue being an important cause of morbidity and mortality in endemic countries, perpetuating the vicious cycle of poverty (WHO, 2010; Hotez et al., 2011) .
Brazil -a country of continental dimensions with a population of about 200 million -is particularly affected, and has recently been considered to be a "hot spot" for NTDs (Hotez, 2014) . In fact, 13 of the 17 NTDs are present in its territory (Martins-Melo et al., 2016a) , with the largest numbers on the American continent of cases of leprosy, trachoma, schistosomiasis, leishmaniasis, soil-transmitted helminth infections, dengue fever, filariasis and Chagas Disease (Hotez, 2008; Hotez and Fujiwara, 2014) .
We have recently described the epidemiological characteristics of NTD-related mortality over a period of 12 years, considering the underlying cause of death (Martins-Melo et al., 2016a) . While the analysis of underlying causes of death is usually applied as Parasite Epidemiology and Control 1 (2016) [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] standard, an analysis of multiple causes of death (i.e. underlying and associated causes of death) will facilitate trend and spatial analyses, besides the inclusion of information on NTDs that are usually not selected as an underlying cause of death (MartinsMelo et al., 2012a (MartinsMelo et al., , 2015a (MartinsMelo et al., , 2014a (MartinsMelo et al., , 2016b . Knowledge of the geographical distribution and trends of NTD-related deaths in endemic countries is essential for monitoring and evaluation of the impact of disease prevention and control intervention strategies, and the effectiveness of disease-specific control measures (Martins-Melo et al., 2012a , 2014a . As the NTD burden differs by Brazilian regions, with most diseases occurring in areas of low socioeconomic status, mainly in the North and Northeast regions (Hotez, 2008; Hotez and Fujiwara, 2014; Lindoso and Lindoso, 2009) , and as there have been particular characteristics of occurrence over time, we here present a trend and spatial analysis of NTD-related mortality in Brazil from 2000 to 2011, based on multiple causes of death.
Material and methods

Study design and population
We analysed nationwide temporal trends, spatial and spatiotemporal high-risk clusters of NTD-related mortality. We included all deaths in Brazil between 2000 and 2011, in which NTDs were mentioned on death certificates, either as underlying or as associated causes of death (multiple causes of death). We selected all NTDs as defined by the World Health Organization, regardless if there are autochthonous cases reported or not (Martins-Melo et al., 2016a , WHO, 2010 , 2013 , 2014a . We used the Tenth Revision of the International Statistical Classification of Diseases and Related Health Problems (ICD-10) for coding causes of death (WHO, 2014b).
Data sources
Mortality data were obtained from death certificates, as available from the Mortality Information System (Sistema de Informação sobre Mortalidade -SIM) of the Brazilian Ministry of Health. Death certificates include information on sex, age, education, ethnicity, marital status, date of death, place of residence, place of occurrence of death, and causes of death. The data are public domain (Ministério da Saúde do Brasil, Departamento de Informática do Sistema Único de Saúde, 2014). Details on downloading and processing the roughly 12.5 million data sets have been described previously in detail (Martins-Melo et al., 2016a , 2012a , 2015a , 2012b .
Census data were obtained from the Brazilian Institute of Geography and Statistics (Instituto Brasileiro de Geografia e Estatística -IBGE) -we used exact information for 2000 an 2010 (years of demographic censuses in Brazil), and estimates for inter-census years (2001-2009, and 2011 ) (Instituto Brasileiro de Geografia e Estatística (IBGE), 2014).
Data analysis
Crude and age-adjusted NTD-related mortality rates (per 100,000 inhabitants) and their associated 95% confidence intervals (CIs) are presented for the overall population and subgroups. Age-standardized rates were calculated by applying the direct method (Brazilian 2010 census as standard population).
As shown previously by our group (Martins-Melo et al., 2016a) , the great majority of NTD-related deaths was associated with Chagas disease. Thus, we analysed separately deaths excluding Chagas disease, in addition to the analysis of all NTD-related deaths.
Trend analysis
Time trend analysis of age-adjusted mortality rates was performed using joinpoint regression models (Kim et al., 2000) , stratified by region of residence. Details of the analysis have been described previously (Martins-Melo et al., 2015a , 2014a ). Statistical significance was tested using the Monte Carlo permutation test (Kim et al., 2000) . The annual percent change (APC) and 95% CI are presented for each segment to describe and quantify the trend, and to assess significance (Kim et al., 2000) .
Descriptive spatial analysis
We analysed the spatial distribution and spatial-temporal patterns of mortality using municipalities as the geographical units of analysis (n = 5565; Brazilian territorial division of 2010). We first calculated the average annual crude mortality rates (per 100.000 inhabitants) by municipality. To correct for random fluctuations and to provide greater stability of mortality rates mainly in small municipalities, we calculated smoothed mortality rates by applying the Local Empirical Bayesian smoothing method (Assunção et al., 1998) .
Spatial cluster analysis
We evaluated the presence of global spatial autocorrelation using Global Moran's I index (Cliff and Ord, 1981) . To identify significant spatial hot spots, cold spots and outliers (high values surrounded by low values or low values surrounded by high values) of mortality rates, we assessed local autocorrelation (Local Index of Spatial Association -LISA) by means of Local Moran's I index (Anselin, 1995) . For spatial representation of the Local Moran's index, Moran Maps were used considering municipalities with statistically significant differences (p b 0.05).
Spatiotemporal cluster analysis
We used retrospective Kulldorff's space-time scan statistics to identify high-risk spatiotemporal clusters (Kulldorff and Nagarwalla, 1995; Kulldorff, 1997) . As the single events under analysis (deaths) are counts and considered rare, we used Poisson's discrete probability model. We used the following conditions: time of aggregation of 1 year, no geographical overlapping of clusters, circular clusters, maximum spatial cluster size of 20% of the population at risk, and a maximum temporal cluster of 50% of the study period. Most likely cluster and secondary clusters were detected through the log likelihood ratio (LLR) test. We computed significance using 999 Monte Carlo simulations.
Joinpoint regression analyses were carried out using Joinpoint Regression Programme version 4.0.4 (US National Cancer Institute, Bethesda, MD, USA). ArcGIS version 9.3 (Environmental Systems Research Institute, ESRI, Redlands, CA, USA) and TerraView version 4.2 (Instituto Nacional de Pesquisas Espaciais, INPE, São José dos Campos, SP, Brazil) were used for input, processing, calculation of spatial autocorrelation indicators, and construction of thematic maps. Scan statistics was performed using SaTScan software version 9.1.1 (Harvard Medical School, Boston and Information Management Service Inc., Silver Spring, MD, USA).
Ethical considerations
The Ethical Review Board of the Federal University of Ceará (Fortaleza, Brazil) approved the study (registered under the number 751,109/2014).
Results
NTD-related deaths
A total of 4482/5565 (80.5%) of Brazilian municipalities registered at least one NTD-related death. We identified 100,814/ 12,491,280 death certificates, which mentioned at least one NTD (proportional mortality: 0.81% [95% CI: 0.80-0.81]). Of these NTD deaths, 76,847 (76.2%) were reported as an underlying cause, and 23,967 (23.8%) as an associated cause of death. Chagas disease was responsible for 72.0% of these deaths (72,827), followed by schistosomiasis (8.7%; 8756) and leprosy (7.6%; 7732). The overall crude mortality rate in the 12-year period was 4.53 deaths/100,000 inhabitants (95% CI: 4.43-4.63), and ageadjusted rate was 5.67 deaths/100,000 inhabitants (95% CI: 5.56-5.77).
Time trends
Figs. 1 and 2 present the temporal trends of mortality rates by NTD-related deaths and by NTD-related deaths excluding Chagas disease, respectively. Age-adjusted NTD-related mortality rates presented a significant decrease at national level (APC: −2.1%; 95% CI: −2.8 to −1.3) over the 12-year period. There were different patterns between regions ( Fig. 1 ; Table 1 ) with a significant decrease of age-adjusted rates in the Southeast, South, and Central-West regions. The rates in the Northeast region remained stable over time, and the North region presented a significant increase ( Fig. 1 ; Table 1 ). Mortality rates by NTD excluding Chagas disease maintained stable at national level, with similar patterns observed in the Northeast, Southeast and Central-West regions ( Fig. 2 ; Table 1 ). The North region presented a significant increase and the South a significant decrease ( Fig. 2 ; Table 1 ).
Spatial distribution
The Central-West (18.69 deaths/100,000 inhabitants), Southeast (5.91 deaths/100,000 inhabitants) and Northeast (5.32 deaths/100,000 inhabitants) regions had the highest regional age-adjusted mortality rates (Supplementary Table 1 ). The highest age-adjusted mortality rates by state of residence were observed in Goiás State (27.44 deaths/100,000 inhabitants), Federal District (22.07 deaths/100,000 inhabitants) and Minas Gerais State (11.13 deaths/100,000 inhabitants) (Supplementary Table 1) . On the municipality level, average annual crude rates reached a maximum of 136.4 deaths/100,000 inhabitants, and smoothed rates 83.0 deaths/100,000 inhabitants.
After exclusion of Chagas disease-related deaths, the highest average annual age-adjusted rates were observed in the Northeast (2.40 deaths/100,000 inhabitants), Central-West (2.37 deaths/100,000 inhabitants) and North regions (1.74 deaths/100,000 inhabitants) (Supplementary Table 2 ). The states with highest age-adjusted rates were Alagoas (5.38 deaths/100,000 inhabitants), Pernambuco (4.69 deaths/100,000 inhabitants) and Mato Grosso (3.57 deaths/100,000 inhabitants) (Supplementary Table 2) . Figs. 3 and 4 present the spatial distribution and cluster analysis of mortality rates by NTD-related deaths with and without Chagas disease, respectively. There were municipalities and clusters of municipalities with higher mortality rates (N 10.0 deaths/ 100,000 inhabitants) located mainly in Northeast, Southeast and Central-West regions. We observed important areas with high rates mainly concentrated in the central region of Brazil, covering the states of Goiás, Minas Gerais, São Paulo, Tocantins, Bahia and Piauí, and the Federal District (Fig. 3-A and B) . For NTD-related deaths without Chagas disease, there was a different pattern with concentration of municipalities with high mortality rates (N2.0 deaths/100,000 inhabitants) in the Central-West, North, Northeast and Southeast regions (Fig. 4-A and B) .
Spatial cluster analysis
For all NTD-related deaths, global Moran's I index showed significant positive spatial autocorrelation (0.32; p b 0.001), evidencing the existence of spatial dependence among NTD-related rates of the municipalities with similar patterns. Fig. 3 -C presents the clusters of municipalities identified by LISA analysis. We identified high-risk mortality clusters in Northeast, Southeast, South and Central-West regions. There was a large concentric cluster in central Brazil, covering most municipalities of the states of Goiás and Minas Gerais, Federal District, extending to other neighbouring states. We identified smaller high-risk cluster located in states of Piauí, Bahia, São Paulo and Paraná (Fig. 3-C) .
For NTD-related deaths without Chagas disease, global Moran's I value was 0.29 and statistically significant (p b 0.001). Clusters of municipalities with high-risk were identified in Central-West, North, and Northeast regions (Fig. 4-C) . There was a major concentric cluster covering most of the states of the Central-West region and Tocantins state, extending to the southeast of Pará, most of the Maranhão state, west and central region of Piauí state and bordering the west of the Ceará state. In the Northeast and Southeast regions, other high-risk areas were identified, highlighting a cluster on the coastline of the Northeast region (Fig. 4-C) . 
Spatiotemporal cluster analysis
The scan space-time analysis identified 13 significant spatiotemporal high-risk clusters for NTD-related deaths ( Fig. 3-D ; Table 2 ). The most likely cluster (primary cluster) occurred between 2000 and 2005, and included 689 municipalities distributed to several states in central Brazil. The annual crude mortality rate was 17.8 deaths/100,000 inhabitants (RR = 4.48). The second most significant cluster was identified in the period 2006-2011, with an annual rate of 9.1 deaths per 100,000 inhabitants (RR = 2.02). This cluster included 173 municipalities located in northeast of Bahia state ( Fig. 3-D ; Table 2 ). Other secondary clusters were located in states of North, Northeast, Southeast and South regions. The RRs of the secondary clusters ranged from 1.11 to 8.77, and annual crude mortality rates from 5.1 to 40.2 deaths/100,000 inhabitants (Table 2) .
For NTD-related deaths without Chagas disease, we identified 12 spatiotemporal significant high-risk clusters covering areas in all regions (Fig. 4-D; Table 3 ). The most likely cluster occurred between 2001 and 2006 covering 181 municipalities in the states of Paraíba, Pernambuco and Sergipe in the Northeast region (annual mortality rate 4.9 deaths/100,000 inhabitants; RR = 4.10). Secondary high-risk clusters of mortality rates were located in the Central-West, Southeast and Northeast regions (annual mortality rates from 1.9 to 40.1 deaths/100,000 inhabitants; RR = 1.56-31.36; Fig. 4-D; Table 3 ).
Discussion
We observed a significant decrease of NTD-related mortality in Brazil over a 12-year period, and identified spatial and spatiotemporal high-risk clusters. There was an outstanding heterogeneity of NTD-related mortality among Brazilian regions. Despite the nationwide decrease of NTD-related mortality, there was an increasing trend particularly in the socioeconomically disadvantaged regions of the country.
The regional differences of NTD-related mortality are a consequence of specific geographical distribution of prevalence, vector habitats and reservoirs. In addition, low socioeconomic and environmental conditions, migration, limited access to water, sanitation, and to interventions and healthcare services also favour transmission, late diagnosis and high morbidity, and consequently increased mortality (Hotez and Fujiwara, 2014; Lindoso and Lindoso, 2009; Martins-Melo et al., 2014a , 2012b , 2015b Yang et al., 2014) .
The highest NTD-related death rates were observed in the Central-West and Southeast regions. This is explained by the impact of Chagas disease deaths in these regions, which have been important endemic areas (Martins-Melo et al., 2012b , 2014c Ostermayer et al., 2011; Silveira, 2011; Silveira et al., 2011) . There was also a considerable impact of mortality related to schistosomiasis and leishmaniasis in the Northeast region, and leprosy and dengue fever in the Central-West region (Martins-Melo et al., 2015a , 2014a , 2015b Paixão et al., 2015; Nascimento and de Oliveira, 2014) . The South, one of the most socioeconomically developed regions of Brazil, showed the lowest NTD-related mortality rates (Lindoso and Lindoso, 2009 ).
In the observation period, there was a significant decrease of age-adjusted NTD mortality rates in most regions. The decline occurred mainly in regions endemic for different NTD and can be attributed partially to the impact of control programme measures implemented in last decades (Martins-Melo et al., 2014a , 2014c Ostermayer et al., 2011; Amaral et al., 2006) . There was a significant decline of Chagas disease-related mortality, the main cause of death among NTDs, in recent years (Martins-Melo RR: relative risk for the cluster compared with the rest of the country; LLR: log likelihood ratio. a NTD-related mortality rates (per 100,000 inhabitants) during the clustering time.
et al., 2016a). With implementation of systematic entomological surveillance and screening of blood donors, control of vector transmission and mother-to-child transmission, the number of new cases and deaths has been reduced dramatically in recent years (Martins-Melo et al., 2012a , 2014c , 2014d Ostermayer et al., 2011; Ramos et al., 2010) . However, in the North and Northeast regions, where incidence is known to be relatively low, death rates have been increasing or stable over the years (MartinsMelo et al., 2012a (MartinsMelo et al., , 2012c da Nóbrega et al., 2014) . This can be explained in part by the low impact caused by the elimination of transmission by the main vector -the kissing bug Triatoma infestans -since this vector had not been frequent in the North and Northeast regions (Martins-Melo et al., 2012a , 2012c Silveira, 2011; Braz et al., 2011) . Secondary vectors such as Triatoma brasiliensis and Triatoma pseudomaculata appear to have still an important role in maintaining disease transmission in the Northeast region. In addition, outbreaks of oral transmission have repeatedly been reported mainly from the Amazon region (MartinsMelo et al., 2012a (MartinsMelo et al., , 2012c . Due to the impact of control measures implemented in recent decades, other NTDs with high mortality impact, such as schistosomiasis and leprosy, also presented decreasing trends, as shown previously (Martins-Melo et al., 2015a , 2014a Amaral et al., 2006) . Other factors not related to specific control programmes may have contributed to the decline in morbidity and mortality, such as increased urbanization, general improvements in housing, socioeconomic and sanitary conditions, and improved access to healthcare services (Martins-Melo et al., 2012a , 2014a , 2016b .
After exclusion of Chagas disease-related deaths from analysis, mortality rates remained stable in almost all regions, except the North, which presented a significant increase. This reinforces the importance of other important NTDs that showed increased morbidity and mortality in Brazil in recent years, such as visceral leishmaniasis and dengue (Martins-Melo et al., 2014b; Paixão et al., 2015) .
The geographical distribution of NTD-related mortality was heterogeneous, with the occurrence of deaths concentrated in certain regions and subpopulations. Independently from the spatial statistical approach used, we identified spatial and spatiotemporal high-risk clusters for NTD-related mainly in highly endemic and vector transmission regions for Chagas disease in previous decades (Martins-Melo et al., 2012b , 2014c Silveira, 2011; Silveira et al., 2011) . After exclusion of Chagas disease-related deaths, a different risk area pattern was identified, in highly endemic areas for several other NTDs, such as schistosomiasis located mainly on the east coast of the Northeast region, visceral leishmaniasis mainly in endemic areas of the Northeast and North regions, and leprosy and dengue fever in the Central-West region from where most cases have been reported (Martins-Melo et al., 2015a , 2015b .
Our study confirms findings that the concentration of preventive and control interventions in high-risk areas can be an effective strategy for control of disease burden, not only leading to reduced operational costs, but also contributing to the sustainability of NTD control programmes (Martins-Melo et al., 2014b , 2012b Alencar et al., 2012; Bergquist et al., 2015) . In line with current WHO initiatives (WHO, 2010 (WHO, , 2013 (WHO, , 2012 Uniting to Combat NTDs, 2012) , Brazil launched in 2012 an integrated plan of strategic action (2012) (2013) (2014) (2015) to eliminate important NTDs as a public health problem, such as leprosy, filariasis, schistosomiasis and onchocerciasis; to eliminate trachoma as an important cause of blindness; and to control more effectively soil-transmitted helminthiases (Ministério da Saúde do Brasil, 2012) . This plan is one of the pillars of the Brazil's Without Extreme Poverty Plan (Plano Brasil Sem Miséria) of the Federal Government, which aims to reduce the burden of disease in elimination by prioritization of active case detection and timely provision of effective treatment in the most vulnerable population groups (Ministério da Saúde do Brasil, 2012). However, for effective and sustainable control of NTDs, specific prevention and control measures should be developed in conjunction with multisectoral and integrated interventions, such as improved living conditions, adequate sanitation, access to clean water, and better access to healthcare services (Hotez and Fujiwara, 2014; Martins-Melo et al., 2014a; Yang et al., 2014; Nascimento and de Oliveira, 2014) . There is a need for more intensive research on drugs, vaccines, diagnostics and control methods for NTDs, as well as for a higher political commitment on different levels of management, with the strengthening of decentralized management both financially and technically to state and municipality governments (Martins-Melo et al., 2014a; Nascimento and de Oliveira, 2014; Ministério da Saúde do Brasil, 2012) . Programmes for control of specific diseases, which are usually considered of chronic nature and not a cause of death (such as leprosy) should also consider case fatality and mortality (Martins-Melo et al., 2016a , 2015a . Our study has some limitations. Secondary mortality data may present inconsistencies in terms of coverage (proportion of deaths reported and estimated) and quality of information (Martins-Melo et al., 2016a , 2012a Santo, 2009 ). Coverage and proportion of ill-defined causes of death presented variations among regions of the country, mainly in the North and Northeast (Martins-Melo et al., 2016a , 2015a , 2015b Santo, 2009) . During the 12-year observation period, an increasing number of deaths may also be related to increased coverage and improvements of death records, as well as to the improvement of access to health care services (Martins-Melo et al., 2012c) . Interpretation of trend data and regional differences should consider these limitations. The underlying causes of death may have been coded as a complication or aggravation associated with some NTDs (for example such as gastrointestinal bleeding, portal hypertension and oesophageal varices for schistososmiasis, and heart failure for Chagas disease) (Martins-Melo et al., 2014a , 2012d Nascimento and de Oliveira, 2014) , or another underlying cause in which some NTD was recorded as associated cause. Data based on multiple causes of death reduced this error, and we identified all death certificates in which any NTDs were mentioned in any part of the death certificates. In fact, the number of NTD deaths increased about 24% when multiple causes of death were considered, as compared to merely underlying causes of death. With the inclusion of NTD deaths as associated causes, there was a considerable increase of deaths associated to diseases that are rarely characterized as underlying causes, and consequently do not appear as a common cause of death in mortality statistics (such as leprosy, filariasis and trachoma) (Martins-Melo et al., 2016a) .
We conclude that multisectoral and integrated prevention and control measures should be prioritized considering geographical areas with the highest NTD-related morbidity and mortality burden in the country. Social determinants of health and regional disparities should be taken into account when designing specific disease control and prevention programmes.
Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.parepi.2016.03.002.
